The lowest two Rydberg and two -* valence excited singlet states of furan ͓referred to as 1 A 2 (3s), 1 B 1 (3p) and 1 B 2 (V), 1 A 1 (VЈ), respectively, at the C 2v ground-state molecular configuration͔ have been studied using the equation-of-motion coupled-cluster singles and doubles method ͑EOM-CCSD͒. Full geometry optimizations with subsequent computation of harmonic vibrational frequencies have been performed in order to locate and characterize stationary points on the potential energy surfaces ͑PES͒. The latter optimization work was enabled by the availability of analytic energy gradient techniques for the EOM-CCSD approach. A major new finding is that both the 1 B 2 (V) and 1 A 1 (VЈ) valence states are unstable with respect to non-totally symmetric distortions at the C 2v configuration. The symmetry breaking in the 1 B 2 (V) state involves an in-plane coordinate of b 2 symmetry. The relaxation process begins on the S 2 adiabatic PES and, after passing through a conical intersection of the S 2 and S 1 PES, continues on the S 1 surface, taking the system finally to the adiabatic minimum of S 1 ( 1 A 2 state͒. The 1 A 1 (VЈ) valence state is found to be unstable with respect to the out-of-plane bending coordinates of b 1 and a 2 symmetry. The resulting relaxed molecular structures have C s and C 2 symmetry, respectively. The present findings are analyzed in terms of a linear vibronic coupling model and spectroscopic implications are discussed.
I. INTRODUCTION
The furan molecule ͑Fig. 1͒ belongs to the basic heteroaromatic compounds relevant for many fields of modern chemistry, ranging from the study of natural products and biologically active substances to the development of building-blocks for organic synthesis and conducting polymers. 1 The contemporary knowledge of the electronic spectra and structure of furan has been gathered in many experimental [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and theoretical 3,18 -27 studies. The ongoing interest in the excited states of furan is reflected by several recent publications. 2,18 -20 At the same time, some important aspects of the subject are still poorly understood. A prominent example here is the first absorption band in the VUV spectrum of furan, located in the energy region 5.7-6.5 eV. 3 The band is strikingly diffuse and has scarce irregular vibronic structure, which hardly allows for any definitive assignment. Though at present all excited states of furan, contributing to that part of the spectrum are firmly established, and their excitation energies are known to a good accuracy, a consistent theoretical interpretation of the observed spectral envelope is still not available. Even less is known of the nuclear dynamics following the electronic excitation, the possible energy redistribution and relaxation mechanisms.
The complex pattern of the furan VUV spectrum suggests a vibronic nature of the underlying excited states and the presence of nonadiabatic effects. As now is well recognized, such effects are very common and often become important for spectroscopy, internal energy redistribution and collision processes. 28 -33 According to our earlier work, 23 vibronic coupling effects in furan are to be expected already for the lowest excited singlet states associated with the first VUV absorption maximum. The most important of these states are:
1 A 2 (3s), 1 B 2 (V), 1 B 1 (3p), and 1 A 1 (VЈ). As indicated by the notation, the 1 A 2 and 1 B 1 states have Rydberg character, whereas the 1 B 2 and 1 A 1 states are -* valence-type excitations ͑Fig. 1͒. Vibronic interaction among these states is likely to occur, since the states lie ͑vertically͒ within a narrow energy region of about 0.7 eV, and the molecule possesses sufficient vibrational modes in each symmetry species, making possible all kinds of couplings ͑8 a 1 -modes, 3 a 2 -modes, 3 b 1 -modes, and 7 b 2 -modes͒. According to our experience in the furan cation ͑and other fivemembered heterocyclic molecular ions͒, 34 we should expect the presence of many medium strong couplings, building up a substantial cumulative effect.
The actual vibronic coupling mechanisms can, of course, be established only from an analysis of the potential energy surfaces ͑PES͒ for the interacting states. The typical signatures of vibronic interaction are conical intersections of the PES ͑Refs. 28, 35, and 36͒ and nontotally symmetric distortions of the excited molecules ͑symmetry breaking͒. 32, 33 For furan no such analysis of the excited-state PES properties has been done so far, and there are only three previous studies, in which the excited states have been treated beyond the vertical electron excitation picture. 18, 21, 23 In our previous ADC͑2͒ ͑second-order algebraicdiagrammatic construction͒ polarization propagator study of electron excitations in furan we have estimated adiabatic transition energies using a linear vibronic coupling ͑LVC͒ model, which accounts for structural relaxations along totally symmetric modes. 23 Another study of adiabatic transition energies in furan was performed by Christiansen and Jørgensen 21 using the linear response ͑LR͒ coupled-cluster ͑CC͒ approach. In their work, excited-state geometries were optimized using numeric gradients at the CC2 approximation level. 37 An interesting finding of this work is a structural instability of the 1 A 1 (VЈ) valence state, leading to a C s configuration of the molecule. Transitions to the other low-lying singlet states, including the 1 B 2 (V) valence states, were predicted to maintain the original C 2v symmetry. Recently, Burcl et al. 18 performed a geometry optimization and harmonic frequency analysis for the 1 A 2 (3s), 1 B 2 (V), and 1 B 1 (3p) excited states of furan using time-dependent density-functional theory ͑DFT͒. In contrast to the results of Christiansen and Jørgensen, 21 an out-of-plane bent equilibrium configuration was predicted for the 1 B 2 (V) valence state. No geometry optimization results were reported for the 1 A 1 (VЈ) valence state.
As a basic step towards the understanding of vibronic effects in the excited furan molecule, we study in the present work the PES of the four low-lying excited singlet states ͓referred to as 1 A 2 (3s), 1 B 1 (3p), 1 B 2 (V), and 1 A 1 (VЈ) at the C 2v ground-state molecular configuration͔. To ensure a reliable description of the electronic structure, we use the equation-of-motion coupled-cluster singles and doubles ͑EOM-CCSD͒ approach. 38 The EOM-CCSD method, which is ͑as far as the excitation energies are concerned͒ fully equivalent to the symmetry adapted cluster ͑SAC-CI͒ method 39 and coupled cluster linear response ͑CCLR͒ theory, 40 is well suited to the objectives of our study, since it combines high accuracy with acceptable computational costs, allowing us to use fairly large basis set. Another advantage of the EOM-CCSD approach for the present study is the availability of analytic energy gradients, 41 making feasible a full geometry optimization for the excited states and the calculation of harmonic vibrational frequencies at the stationary points. Finally, one should mention the sizeconsistency property of the CC approach and the possibility to use it as a blackbox method.
In the present work we focus on the structural aspects of the vibronic interaction in excited furan. The development of suitable vibronic models and their use in actual dynamical calculations will be deferred to a forthcoming communication. 42 
II. COMPUTATIONAL PROCEDURES
The full geometry optimization for excited states of furan was performed using the EOM-CCSD method with analytic energy gradients, 38, 41 as implemented in the ACES II ab initio program package. 43 For each stationary point harmonic vibrational frequencies and zero-point vibrational energies ͑ZPVE͒ were computed. The type of the stationary point was established using the eigenvalues and eigenvectors of the Hessian matrix. The second energy derivatives with respect to the nuclear coordinates were evaluated by numeric differentiation of the analytic gradients. The calculations for the electronic ground state were done using the conventional CCSD approach. 44 For calculating vertical excitation energies we also used the ͑internally-contracted͒ multi-reference configuration interaction ͑MRCI͒ method, 45 based on molecular orbitals ͑MO͒ generated by the state-averaged complete active space SCF ͑CASSCF͒ approach. 46 The MOLPRO program package 47 was employed in these calculations. The averaging was performed for the ground state and the four lowest excited states, taken with equal weights. Two different active spaces, CAS1 and CAS2, were used, comprising 7 and 9 active orbitals, respectively. In the first case, all occupied -type MOs ͑two b 1 and one a 2 ) and four virtual orbitals ͑one of each a 1 , a 2 , b 1 , and b 2 symmetry type͒ were included. In the second case additional virtual orbitals of b 1 and a 2 symmetry were included to improve the treatment of states with mixed Rydberg-valence character. All configurations with weights of more than 0.03 in the CASSCF expansion were used as reference in the MRCI calculations. The active orbital space in the MRCI calculations was analogous to the CASSCF space, but included also all occupied MOs. In all calculations the sum of the weights of the reference configurations in the final MRCI expansion was at least 0.9. Corresponding to the two types of active space, CAS1 and CAS2, the two variants of our MRCI/CASSCF calculations are further referred to as MRCI-1 and MRCI-2, respectively. ϭ0.02; O: s ϭ0.02, p ϭ0.04) was used for the second row atoms. The hydrogen atoms were described by the standard cc-pVDZ basis set. 48 The five-component representation of the d-functions was adopted in the calculations. The total number of molecular orbitals in the calculations using this basis ͑further denoted also as cc-pVDZϩ) was 155. For purposes of testing we used also the cc-pVDZϩ basis augmented by additional s, p, and d diffuse exponents ͑C: s ϭ0.006, p ϭ0.008, d ϭ0.03; O: s ϭ0.01, p ϭ0.02, d ϭ0.06).
In the CASSCF MR-CI calculations the C 1s and O 1s core orbitals were kept frozen, whereas in the EOM-CCSD calculation no orbitals were frozen.
III. RESULTS
The total ground-and excited-states energies obtained in this work for various structures of the furan molecule are summarized in Table XII ͑Appendix͒. Here also the available ZPVE corrections are listed. All results to be discussed in the following ͑excitation energies and various energy differences͒ can be obtained from the data presented in Table XII . In the following we adopt the nomenclature, in which the adiabatic PES of the singlet states are denoted as S 0 , S 1 , S 2 ,... . Here we strictly assume that the S i surface is formed by the energies obtained as the (iϩ1)th root of the Hamiltonian ͑irrespective of symmetry͒ at all nuclear conformations. In the following we will also make use of the spectroscopic terminology, according to which distinct stationary points of a PES ͑various minima or saddle points͒ are called ''states.''
A. Vertical excitations
To make a link to the previous theoretical and experimental work on the electronic excitation in furan and to get a feeling for the accuracy of the present results, we discuss here the vertical transition energies and oscillator strengths in comparison to the earlier data. Only the lowest part of the excitation spectrum is considered.
In Table I we compare our results for the lowest five vertical singlet excitations of furan with the results of CCSD, CC3, and CC2 calculations of Christiansen et al., 21, 22 our previous ADC͑2͒ calculations, 23 recent SAC-CI calculations of Wan et al., 19 and DFT calculations of Burcl et al. 18 In addition, we include some older CASPT2 results of SerranoAndrés et al. 25 and MRCI results of Palmer et al. 3 Since some of the previous theoretical studies were performed using somewhat different ground-state equilibrium geometries, it seems to be important to clarify first the effect of such differences on the vertical excitation energies and oscillator strengths. To this end, we compare our results for the most commonly used experimental geometry of Mata et al. 50 with our results for the optimized geometry, obtained using the CCSD approach ͑Sec. III B͒. As can be seen, the results for the two geometries differ only very little for the considered 3s-, 3 p-Rydberg transitions and the V( 1 B 2 ) valence transition. The energy of the VЈ( 1 A 1 ) valence transition seems to be more sensitive to a variation of the geometry, showing differences of 0.12 eV for the two sets of parameters.
Another important question is whether our cc-pVDZϩ basis provides for a reliable description of all states under investigation. To check the description of the Rydberg states we preformed two additional calculations. In the first case the cc-pVDZϩ basis was augmented by additional d-type diffuse functions (ϩd basis͒, and in the second case by additional s-and p-diffuse functions (ϩs,p basis͒. In both cases the changes in the excitation energy of the 1 cating that the diffuse functions in the cc-pVDZϩ basis set yield a good description of these states. Since the present EOM-CCSD approach is equivalent ͑with respect to the treatment of energies͒ to the CCSD method used by Christiansen et al., 21, 22 we may compare directly our cc-pVDZϩ results to the results of the latter work obtained using ANO, cc-pVDZ, and cc-pVTZ, basis sets augmented by ringcentered diffuse functions ͑denoted in Ref. 22 as ANO, D ϩ7, and Tϩ7, respectively͒. The compared results again look very similar, indicating that all these basis sets, including our cc-pVDZϩ basis, are equally adequate for the description of the above four states.
The next issue is the accuracy of the present calculations. As has been established in calibrations with respect to full configuration interaction ͑FCI͒ results, 51 the average accuracy of the CCSD approach for the energy of single excitations is about 0.2 eV, the maximum deviation being 0.4 eV. A superior performance was demonstrated for the CC3 model ͑here the average deviation from FCI is less than 0.1 eV, the maximum deviation is about 0.2 eV͒. The CC3 results for furan 21, 22 should therefore be already quite close to the FCI limit. The present EOM-CCSD results for the above four states differ from the CC3 results on an average by 0.13 eV, the maximum deviation being 0.23 eV for the 1 A 1 (VЈ) state. A comparable level of accuracy ͑average deviation from CC3 less than 0.2 eV, maximum deviation less than 0.3 eV͒ is observed also for the other CC results ͑CC2 and SAC-CI͒ listed in Table I . Our earlier ADC͑2͒ calculations 23 reaches the same accuracy mark, yielding results very similar to those of the CC2 scheme. The latter observation is in line with the analysis of the two schemes given in Ref. 52 .
The results of the recent DFT calculations of Burcl et al. 18 compare to the CC3 data 21, 22 equally well, which demonstrates that consistent results can be obtained not only with the theoretically similar ͑coupled cluster and propagator͒ approaches. To give further support for this view, we have performed additional MRCI/CASSCF calculations using two different active spaces of improving quality ͑MRCI-1 and MRCI-2, respectively͒, as described in Sec. II. The vertical excitation energies obtained in these calculations ͑Table I͒ are again in good agreement with the CC3 results. 21, 22 As expected, the agreement with CC3 improves from MRCI-1 to MRCI-2 ͑the average/maximal deviation reduces from 0.13 / 0.24 eV in MRCI-1 to 0.11 / 0.14 eV in MRCI-2͒, reflecting a convergence of the results with the improvement of the method. By contrast, the CASPT2 results 25 and the older MRCI results 3 show discrepancies of up to 0.5-0.6 eV with respect to the other results in Table I , and thus do not fit so well in the consistent picture drawn above.
The present oscillator strengths for the V( 1 B 2 ) transition, calculated using the EOM-CCSD approach, differ from the LR-CCSD results obtained by Christiansen et al. 21, 22 This is partly due to the different basis sets used in the present EOM-CCSD calculations. It should, however, be recalled that in contrast to the equivalent treatment of the energies, the two methods differ in the treatment of transition moments ͑see, for example, discussion in Ref. The ground-state calculations allow us to estimate the accuracy of our approach by a direct comparison to experiment. Moreover, the ground-state structural and vibrational data are needed for the next stage of our study aiming at the modeling of the vibronic structure of the excitation spectrum. 42 In Table II we present our CCSD results for the equilibrium ground-state geometry of furan in comparison with the experimental data of Nygaard et al. 54 and results of some earlier theoretical studies. The latter comprise our previous second-order Møller-Plesset perturbation theory ͑MP2͒ calculations using the cc-pVDZ basis set, 34 the MP2 calculations of Mellouki et al. 55 using the cc-pVTZ basis, and the augmented ''triple zeta'' (TZ2Pϩ) basis set DFT calculations of Burcl et al. 18 All theoretical results agree fairly well with the experimental data. The best agreement with experiment is seen for the MP2/cc-pVTZ ͑Ref. 55͒ and DFT/TZ2Pϩ ͑Ref. 18͒ results.
To study the basis set effects in the CCSD geometry optimization, we have performed additional calculations using the standard cc-pVDZ and the cc-pVTZ basis sets. As seen from the calculated values of the geometrical parameters, all three basis sets provide a roughly comparable accuracy, though it may be noted that the bond lengths appear to be slightly overestimated at the ''double zeta'' and slightly underestimated at the ''triple zeta'' level.
The calculated ground-state harmonic vibrational frequencies are given in Table III together with the recent experimental and theoretical ͑MP2/cc-pVTZ͒ results of Mellouki et al. 55 The table includes also our previous MP2/ cc-pVDZ results 34 and the older experimental data of Rico et al. 56 In the present work we adopt the revised nomenclature of furan vibrational modes of Mellouki et al. 55 instead of the obsolete and less transparent nomenclature of Lord and Miller, 57 which was used in our previous work. 23, 34 All theoretical results are seen to be in very good agreement with each other, and there is also a good overall agreement with experiment. An exception are the high-frequency hydrogenic modes, for which the calculations systematically overestimate the frequencies. As for the geometries, neither a pro-nounced basis set effect nor a major dependence on the method used is seen in the calculated frequencies. One may note a slight improvement of the results for the modes 6 and 11 obtained using the CCSD method with respect to the MP2 level.
C. 1 A 2 "3s… state
The present CCSD geometry optimization predicts for the 1 results of Burcl et al. 18 The two sets of results are seen to be in good agreement. The 1 A 2 (3s) excited-state geometry differs from that in the ground state mainly in some elongation of the C 2 -C 3 (C 2 Ј -C 3 Ј ) bond and a contraction of the C 3 -C 3 Ј bond. This is consistent with the picture of an electron excitation out of the -type MO associated with the C 2 -C 3 (C 2 Ј -C 3 Ј ) double bond into a nonbonding 3s Rydberg orbital.
The corresponding vibrational frequencies are given in Table VI . The absence of any imaginary frequencies confirms that the located stationary point ͓ 1 A 2 (3s) state͔ is indeed a true minimum of the S 1 adiabatic PES. Many vibrational frequencies do not differ very much from those in the ground state, indicating a similarity of the local topological properties of the S 0 and S 1 PES. The largest reduction of the vibrational frequency is found for the b 1 mode 14 , the three b 2 modes 17 , 19 , and 21 and the a 2 mode 11 . 58 Unfortunately, no comparison can be made to the results of Burcl et al., 18 since in that work no assignment of the vibrations has been given.
The present adiabatic ͑0-0͒ energy of the 3s ( 
D. 1 B 2 "V… state
The stationary point of the S 2 PES associated with a symmetric C 2v structure ͓ 1 B 2 (V) state͔, appears to be a saddle point rather than a true minimum ͑Table V͒. This follows from the fact that there is one imaginary frequency for the 21 (b 2 ) mode, describing an in-plane distortion of the molecule ͑Table VI͒. This surprising finding is at variance with previous theoretical results. The DFT calculations of Burcl et al. 18 here predict an out-of-plane distortion of the molecule, whereas on the basis of their CC calculations Christiansen and Jørgensen 21 do not detect any structural instability at all in the 1 B 2 (V) state. 59 These differences of the theoretical predictions for the 1 B 2 (V) state are analyzed in more detail in Sec. IV A. TABLE V. Calculated equilibrium geometry of furan ͑bond lengths in Å and angles in deg͒ in the ground and low-lying excited singlet states associated with a C 2v type of molecular structure ͑Fig. 1͒.
Bond lengths O-C2 In spite of the disagreement of our results and those of Burcl et al. 18 in regard to the symmetry breaking in the 1 B 2 (V) state, there is a rather good agreement for the geometrical parameters for the C 2v structure ͑Table V͒. The most notable difference here is the value of the C 2 -O-C 2 Ј angle, where our result is 1.2°larger that of Burcl et al. 18 As could be expected in view of the valence character of the 1 B 2 (V) state, the geometry relaxation pattern here is somewhat different from the case of the Rydberg 1 A 2 (3s) state. The most characteristic geometrical modifications are an elongation of the O-C 2 (O-C 2 Ј ) and C 2 -C 3 (C 2 Ј -C 3 Ј ) bonds, a strong contraction of the C 3 -C 3 Ј bond and a reduction of the C 2 -O-C 2 Ј angle.
Another interesting observation concerning the vibrational analysis of the 1 B 2 (V) state ͑Table VI͒ is the marked frequency reduction of many b 1 , b 2 , and a 2 modes as compared to the ground state frequencies. This is particularly striking in the case of the 14 (b 1 ) and 11 (a 2 ) modes, for which the frequencies are reduced roughly by a factor of 8 and 2, respectively.
The electronic configuration of the 1 B 2 (V) state is characterized by the excitation of an electron from the highest occupied 3 (a 2 ) MO into a virtual orbital of b 1 symmetry. The latter can be of *-valence or of p-Rydberg type, and consequently there is the possibility of mixing of valence and Rydberg character in the 1 B 2 (V) state-an issue, that has TABLE VI. Calculated vibrational frequencies (cm Ϫ1 ) for the ground and low-lying excited singlet states of furan.
Mode 3312  3260  3310  3284  3332  3336  2  3283  3228  3295  3256  3303  3301  3  1546  1532  1544  1518  1446  3279  4  1427  1486  1441  1474  1407  3265  5  1165  1177  1118  1166  1079  1458  6  1082  1117  1089  1114  1066  1432  7  1011  1048  972  1051  974  1360  8  878  873  767  876  769 Expt. often been discussed in the previous theoretical work. [23] [24] [25] 60 As can be seen from the second moments of the charge distribution ͑Table IV͒, the 1 18 seems to be too small. With respect to the adiabatic correction the present ͑0.33 eV͒ and the two previous results ͑0.27 eV and 0.33 eV, respectively͒ agree very well. Finally, we have to recall, that since the 1 B 2 (V) state is a saddle point on the S 2 adiabatic PES, the 0-0 transition energies given above can be viewed only as some upper limit estimates.
E. 1 AЈ"V… state
Using the coordinates defined at the C 2v structure of the 1 B 2 (V) state and proceeding along the 21 (b 2 ) imaginary frequency mode, we located another stationary point corresponding to a planar C s structure with nonequivalent bonds and angles ͓Fig. 2͑A͒, Table VIII͔. This structure is energetically only slightly below the C 2v saddle point ͑Table VII͒, and is characterized by a stabilization energy of 0.04 eV ͑or 0.06 eV upon ZPVE corrections͒. The electronic configuration and the one-electron properties given in Table IV indicate that this state is of the same type as the 1 B 2 (V) saddle point of S 2 . We will designate the new C s structure as 1 
AЈ(V).
Further analysis of the results reveals a surprising fact, namely, that the 1 AЈ(V) state is the lowest excited singlet state of furan at that C s stationary point ͑Table XII͒. This means that the 1 AЈ(V) state belongs to the S 1 adiabatic PES, and consequently an intersection of the S 2 and S 1 PES must occur on the path from the C 2v to the C s structure. Indeed, here the second state is 1 AЉ(3s), which correlates with the 1 A 2 (3s) Rydberg state at the C 2v configuration of the molecule. Since the 1 AЉ(3s) state lies only 0.02 eV above the 1 AЈ(V) state, one can deduce the close proximity of the C s structure to the structure of the molecule at the intersection point. The intersection energy should be between 6.07 and 6.09 eV with respect to the ground-state minimum.
The strikingly different character of the obtained C s molecular structure in comparison to the ground-state equilibrium configuration is reflected by the strongly different O-C 2 and O-C 2 Ј bond lengths. Whereas one of the bonds elongates to 1.50 Å, the other one contracts to 1.32 Å, thereby approaching the typical lengths of a single and a double chemical bond, respectively. Another modification is the lengthening of the C-C bond adjacent to the shorter O-C bond to a value of 1.46 Å. The other two C-C bonds experience only minor elongations. It should be noted that there are, of course, two equivalent C s structures, lying on either side of the C 2v saddle point, symmetric with respect to the inversion of the b 2 relaxation coordinate.
An inspection of the vibrational frequencies calculated for the 1 AЈ(V) state ͑Table VI͒ reveals that also the C s structure is not a minimum but rather a saddle point of the S 1 PES. Two of the aЉ vibrational modes, corresponding to outof-plane distortions of the molecule, are characterized by imaginary frequencies. The value 2174i cm Ϫ1 of one of these frequencies seems to be unphysically large. Lacking another reasonable explanation, we have to assume that this result is a computational ''artifact,'' probably due to some numerical instability.
Further attempts to search for stationary points below the 1 AЈ(V) saddle point led only to the C 2v minimum of the S 1 PES ͓ 1 A 2 (3s) state͔. No other stationary point could be found by an out-of-plane distortion of the C s structure, as is suggested by the aЉ imaginary modes at the 1 AЈ(V) saddle point. Of course, this does not exclude the existence of a shallow local minimum that we failed to locate. The search for minima here is difficult because of the extreme flatness of the S 1 PES in the considered region. Another problem is the tremendous increase of the computational effort due to the low (C 1 ) symmetry of the system.
F. 1 B 1 "3p… state
According to the present results the 1 B 1 (3p) state is, both vertically and at its own equilibrium geometry, the third lowest singlet state of furan. It is a typical Rydberg state, characterized by relatively large second moments ͑Table IV͒ and small relaxation changes in the geometrical parameters. 
a The geometry optimization is not fully converged.
According to the present results, the optimized molecular structure has C 2v symmetry and is nearly identical to the structure of the 1 A 2 (3s) Rydberg state ͑Table V͒. Our geometrical parameters for the 1 B 1 (3p) state are seen to be in good agreement with those of Burcl et al. 18 There is a high degree of similarity between the vibrational frequencies of the 1 B 1 (3p) and 1 A 2 (3s) states ͑Table VI͒. The agreement is especially good for the a 1 and b 2 modes. The frequencies of some b 1 and a 2 modes, on the other hand, are seen to be closer to the ground-state values.
As seen from 
G. 1 A 1 "VЈ… state
The 1 A 1 (VЈ) valence state is one of the most complex states in the spectrum of furan. It has a strongly mixed character, including -* configurations of two types ͑Fig. 1͒, and, moreover, considerable contributions of various doublyexcited configurations. Understandably, this state has been a particular challenge to the theoretical methods ͑see, e.g., discussion in Refs. 22 and 23͒. Here the shortcomings of theoretical schemes that disregard the doubly-excited configurations ͑e.g., CIS and time-dependent DFT͒ or treat them only through low-order of perturbation theory ͓e.g., ADC͑2͒ and CC2͔ are obvious. In the EOM-CCSD approach, the double excitations are treated consistently through first-order of perturbation theory ͑PT͒, that is, at a lower level of theory than the single excitations. In view of the mixing of the two configuration types in the 1 A 1 (VЈ) state a somewhat reduced accuracy has to be expected here. Another complication is due to the strong dependence of the 1 A 1 (VЈ) state on the molecular geometry: at the ground-state equilibrium geometry the present calculations place the 1 A 1 (VЈ) state energetically at the fifth position, whereas it is the third state at its own equilibrium conformation.
According to the present results, the 1 A 1 (VЈ) PES has a stationary point corresponding to a C 2v structure ͑Table V͒. The geometrical parameters at this point differ markedly from those of the other excited states. As compared to the ground-state equilibrium geometry, the main structural effects here are the elongation of the C 2 -C 3 (C 2 Ј -C 3 Ј ) and C 3 -C 3 Ј bonds, as well as a 3°increase of the C 2 -O-C 2 Ј angle.
The present energy of the adiabatic VЈ( 1 A 1 ) excitation is 6.36 eV ͑Table VII͒. This implies a geometry relaxation correction of 0.36 eV, which is in fair agreement with the result of Christiansen and Jørgensen 21 ͑0.44 eV͒. However, their best estimate for the 0-0 transition ͑6.13 eV͒ is by 0.2 eV lower than our result. The previous ADC͑2͒ results for the 0-0 transition energy and the relaxation correction ͑6.37 and 0.33 eV, respectively͒ agree remarkably well with the present EOM-CCSD values. No structural study for the 1 A 1 (VЈ) state has been reported in the work of Burcl et al. 18 Unfortunately, we did not succeed in computing other frequencies than those of the a 1 and b 2 modes for the 1 A 1 (VЈ) state. For the modes of b 1 and a 2 symmetry our calculations failed for some technical reasons related to the ACES II program. 61 While the frequencies for the a 1 modes are quite similar to the ground-state values, one can see a strong frequency increase for the b 2 modes 17 and 18 . Our results show no imaginary frequencies for the a 1 and b 2 modes, so that we can safely exclude the possibility of an in-plane instability of the 1 A 1 (VЈ) state. However, our vibrational analysis is not complete, and one should check for the possibility of out-of-plane distortions before drawing conclusions about the type of that stationary point. It should be noted that some ͑unspecified͒ symmetry breaking of the 1 A 1 (VЈ) state has been reported by Christiansen and Jørgensen. 21 To check for possible distortions along the b 1 and a 2 out-of-plane coordinates, we carried out additional geometry optimizations without the C 2v symmetry constraint. In the former case, the C 2v structure of the 1 A 1 (VЈ) state was distorted to a C s structure by incrementing the b 1 coordinate. In the latter case, some steps were taken along the a 2 coordinate, resulting in a C 2 structure. For both the C s and C 2 trial structures a full geometry optimization was performed within the respective point group symmetries. As a result, two new stationary points have been located with energies slightly lower than that of the initial C 2v structure, indicating that C 2v structure of the 1 A 1 (VЈ) state is, in fact, a saddle point of order two.
H. 1 AЈ"VЈ… state
The optimized geometrical parameters for the C s structure ͓ 1 AЈ(VЈ) state͔ are given in Table VIII and visualized in Fig. 2͑B͒ . Most of these geometrical parameters do not differ from those of the 1 A 1 (VЈ) state. The principal new aspect here is, of course, that the molecule becomes nonplanar. However, as seen from the dihedral angles, the extent of the out-of-plane distortion is rather modest. The small geometry changes are consistent with a small value of the stabilization energy, being 0.02 eV. Interestingly, in contrast to the parent 1 A 1 (VЈ) state on the S 3 PES, the 1 AЈ(VЈ) state belongs to the S 2 PES, which indicates that a crossing of the S 3 and S 2 PES takes place along the path of geometry relaxation. The electronic configuration of the 1 AЈ(VЈ) state and other characteristics of its electronic structure ͑Table IV͒ are quite similar to those seen for the 1 A 1 (VЈ) state. It should be noted that a C s structure resulting from a symmetry breaking of the 1 A 1 (VЈ) state has been reported by Christiansen and Jørgensen, 21 predicting, however, a much larger stabilization energy ͑0.13 eV͒. Unfortunately, no structural data have been given in the latter work, so that no comparison or comments can be made at the present stage.
I. 1 A"VЈ… state
The C 2 stationary point is obtained by geometry relaxation along an a 2 coordinate beginning at the 1 A 1 (VЈ) saddle point. The structural parameters of the furan molecule at the C 2 point ͓ 1 A(VЈ) state͔ are shown in Fig. 2͑C͒ and in Table  VIII . It has to be noted that our optimization procedure did not fully converge here and the results in Table VIII correspond, in fact, to the last point that we managed to obtain. The root mean square ͑RMS͒ gradient at this point is 2ϫ10 Ϫ3 Hartree/Bohr, which is still above the otherwise required RMS threshold value of 1ϫ10 Ϫ4 Hartree/Bohr. The optimization failure is probably due to specific shortcomings of the computer code. Since no vibrational analysis could be performed for the C s and C 2 stationary points ͓ 1 AЈ(VЈ) and 1 A(VЈ) states, respectively͔, it still remains unclear, whether these stationary points are true minima.
IV. DISCUSSION
The major findings of this work deserve a more detailed analysis in the view of their spectroscopic importance. First of all, this concerns the in-plane instability of the 1 B 2 (V) valence state, the low-lying conical intersection of the S 1 and S 2 potential energy surfaces and the out-of-plane instability of the 1 A 1 (VЈ) state. A clarification of the various vibronic coupling mechanisms underlying these effects is the key to the understanding of the excitation spectrum of furan and related heteroaromatic molecules.
A. Symmetry breaking in the 1 B 2 "V… state
Our calculations for the 1 B 2 (V) state predict a new type of symmetry breaking in furan, namely, an in-plane deformation of its C 2v structure. Interestingly, this type of instability has never been mentioned in previous studies of fivemembered ͑hetero͒cyclic compounds. To the best of our knowledge, the only type of symmetry breaking predicted for these molecules is an out-of-plane distortion. For example, such nonplanar symmetry breaking of the 1 B 2 (V) state was suggested for furan, 18 thiophene, 62 and cyclopentadiene. 63 The driving force for this so-called B 2 ϫb 2 instability is obviously a vibronic interaction with a higher lying A 1 state which in the present case is the 1 A 1 (VЈ) valence state. It should be admitted that the idea of vibronic coupling between the 1 B 2 (V) and the 1 A 1 (VЈ) valence states in fivemembered ring molecules is not new. For example, Negri and Zgierski 62 obtained theoretical evidence for such a coupling in thiophene. However, in the latter case the effect was apparently not strong enough to cause a symmetry breaking.
Though at the first glance the in-plane distortion of the molecule looks quite unusual, it can be rationalized already by rather elementary considerations. As seen from the optimized geometries and the atomic charges, the resulting C s structures resemble very much two of the valence-bond schemes arising in the context of chemical resonance theory ͑Fig. 3͒. It can be shown using a transformation to an atomic orbital basis within the Hückel approximation that the two valence schemes in Fig. 3 contribute to the wave functions of 1 A 1 (VЈ) and 1 B 2 (V) states as symmetric and antisymmetric linear combinations, respectively. The 1 B 2 (V) and 1 A 1 (VЈ) states can therefore be considered as ''resonance hybrids'' formed by these two and possibly further schemes. A displacement from the C 2v structure along the b 2 coordinate allows the states to mix, whereupon the energy levels split further apart. Obviously the distortion adjusts the molecular structure to the electronic configuration associated with one of the resonance scheme, making that structure energetically more favorable than the other.
Our results are at variance with those of Burcl et al. 18 predicting a nonplanar structure for the 1 B 2 (V) state on the basis of DFT/TZ2Pϩ calculations. The absence of an out-ofplane instability is also supported by the recent CC calculations of Christiansen and Jørgensen. 21, 59 What could be the reason for the differing results of the DFT calculation? Ac- cording to computational tests we suggest that the finding of an out-of-plane instability in the 1 B 2 (V) state must be seen as a theoretical artifact caused by a lack of diffuse basis functions. In Table IX we present results of calculations illustrating that conclusion. We here compare the frequencies of the nontotally symmetric vibrations at the optimal structure of the 1 B 2 (V) state, computed at the CIS and EOM-CCSD level using the STO-3G, 6-31ϩG*, and the present cc-pVDZϩ basis sets. As can be seen, the imaginary frequencies of the b 1 out-of-plane modes found with the STO-3G and 6-31ϩG* basis sets disappear, if the larger cc-pVDZϩ basis is employed. That observation holds for both the CIS and EOM-CCSD calculations. In comparison to the 6-31ϩG* basis set, the cc-pVDZϩ basis includes one more set of diffuse functions on the second-row atoms, which is crucial for the correct description of the mixed valence-Rydberg character of the 1 B 2 (V) state. Apparently, the cc-pVDZϩ basis set represents something like a minimal standard for the treatment of the 1 B 2 (V) state. The basis sets used in the work of Christiansen and Jørgensen 21 are of comparable or even better quality, and consequently the 1 B 2 (V) state is also planar in their case. On the other hand, smaller ͑less diffuse͒ basis sets like the TZ2Pϩ set of Burcl et al. 18 seem to overestimate the valence character of the 1 B 2 (V) state and fail to describe neighboring Rydberg states properly, which, introducing unphysical couplings, may be the reason for the appearance of an out-of-plane instability.
Another interesting observation to be seen in the data in Table IX is that the in-plane B 2 ϫb 2 instability ͑imaginary frequencies of the b 2 modes͒ arises only at the EOM-CCSD level, but is absent in the CIS results. This strongly supports our view that the in-plane instability reflects a coupling between the 1 B 2 (V) and 1 A 1 (VЈ) states. The 1 A 1 (VЈ) state, having significant double-excitation character, cannot adequately be described at the CIS level, so that, in particular, the above coupling mechanism is not accounted for. The EOM-CCSD method, on the other hand, treats double excitations consistently through first order of perturbation theory, and hence, yields a qualitatively correct description of the 1 A 1 (VЈ) state and its interactions with the other states. However, here the question remains, why that in-plane instability of the 1 B 2 (V) state was not detected in the CC study of Christiansen and Jørgensen. 21 It is conceivable that these authors have simply overlooked this type of distortion, since no vibrational analysis was carried out. Another explanation is the use of the CC2 model in the geometry optimization. The CC2 method treats the doubly-excited configurations through zeroth order only and one may thus encounter similar problems as in the CIS treatment in the description of the 1 A 1 (VЈ) state.
B. Intersection of the S 1 and S 2 surfaces
The B 2 ϫb 2 instability predicted by our calculations and the low-lying intersection of the 28, 29 A LVC Hamiltonian describing both vibronic coupling problems in a unified way can be specified ͑using atomic units͒ as follows:
In this expression 1 is a (3ϫ3) unit matrix, E(A 2 ), E(B 2 ), and E(A 1 ) are the vertical energies of the three excited states; s and s denote parameters of the LVC model referred to as intrastate and interstate coupling constants, respectively. The summations run over the normal ͑vibrational͒ modes of the specified symmetry. Q s denote the ͑dimension-less͒ normal coordinates of the electronic ground state.
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H o is the vibrational Hamiltonian of the electronic ground state,
corresponding to noninteracting harmonic oscillators with frequencies s . The vibrational ground state energy is taken as the origin of the energy scale. The quantities E, s , s , and s represent parameters of the model, which can be determined, e.g., from the ab initio results for the adiabatic PES of the ground and excited electronic states. A detailed discussion of the parameterization procedure can be found in Refs. 28 and 29.
The coupling parameters determined from our EOM-CCSD results are listed in Table X . The present model does not take into account the hydrogen modes, as their contribution usually is small. Let us note that certain parameters reported here have to be viewed as preliminary, since they may not be accurate enough to qualify for the use in the dynamical calculations. 42 Table X shows also the s constants for the states 1 B 1 (3p) and 1 A 2 (3p), which do not enter the above model. The vibrational excitation in the latter states will be described by independent Hamiltonians of the form,
The largest s constants in all states are those for the modes 3 and 4 , whereas the activity of the other a 1 modes is more state-specific. The strongest coupling arises from the modes 19 , 17 (b 2 in-plane vibrations, modifying the C-O bonds͒ and 14 (b 1 out-of-plane vibration, simultaneously displacing the C 2 atoms with respect to both C 3 and O͒.
Having set up our model, we may proceed to the analysis of the adiabatic potential energy surfaces given by eigenvalues of the potential energy part of the Hamiltonians ͓Eqs. ͑1͒ and ͑3͔͒. Let us first consider the B 2 ϫb 2 instability. It arises due to the coupling of the 1 B 2 (V) state and the 1 A 1 (VЈ) state. The cut through the PES along the 6 (a 1 ) mode shown in Fig. 4͑A͒ visualizes the conical intersection of the 1 A 1 (VЈ) and 1 B 2 (V) states as a crossing of the two curves. According to our model the minimal energy of this intersection ͑Table XI͒ is about 6.38 eV, that is, nearly the energy of the C 2v saddle point of the 1 A 1 (VЈ) state ͑6.36 eV͒. The cut through the PES in Fig. 5 Fig. 5 obviously is associated with a conical intersection of these states. This intersection is, however, unusual, since it involves nontotally symmetric b 2 modes acting as additional ''tuning'' modes.
Cuts through the PES along one of the (a 1 ) tuning modes are shown in Fig. 4͑B͒ . Here the 1 B 2 -1 A 2 intersection can be seen as a curve crossing at an energy of about 6.32 eV, that is, well above the energy of the C 2v structure of the 1 B 2 (V) state ͑6.11 eV͒. Returning to the situation in Fig. 5 , one sees that in this case the intersection of the 1 B 2 -1 A 2 states lies only slightly higher than the bottom of the 1 AЈ(V) state ͑6.07 eV͒ and below the C 2v structure of the 1 B 2 (V) state. The additional lowering of the energy of the intersection is due to role of the b 2 modes in the tuning of the conical intersection point.
A possible coupling coordinate for the 1 B 2 -1 A 2 interaction must be of b 1 symmetry. As has been mentioned above, the coupling along these modes has only moderate strength, so that no strong effect can be expected. Two cuts through the PES along the Q 14 (b 1 ) coordinate are shown in Figs. 6͑A͒ and 6͑B͒, respectively. The cut in Fig. 6͑B͒ demonstrates that at the minimum of the 1 A 2 state the lowest PES is flattened by the interaction, but retains a single-well shape. The situation is different at the point of the 1 AЈ(V) state (C s stationary point of S 1 ), which ''feels'' the presence of the closely located intersection ͓Fig. 6͑A͔͒. Here, the lower potential develops a double minimum, making the 1 AЈ(V) state unstable with respect to a distortion along the b 1 coordinate. That effect has, however, only local character and disappears as soon as one goes away from the intersection point. In 1 A 2 (3s) states, the relaxation path crosses the conical intersection point and reaches the 1 AЈ(V) state ͑which is a C s saddle point of S 1 ). Since the latter structure itself is unstable with respect to the b 1 coordinate, the relaxation will proceed further on the S 1 surface, bringing the system from the C s structure down to a ''valley,'' and then along the valley to the bottom (C 2v minimum͒ of the S 1 surface, that is, to the 1 A 2 (3s) state. Using a geometrical language this can be also described as follows ͑see Fig. 8͒ : Upon vertical excitation to the 1 B 2 (V) state of the ͑upper͒ S 2 surface, furan distorts to the planar C s structure, and then, via a ͑small͒ out-of-plane deformation, returns to symmetric C 2v configuration associated with the 1 A 2 (3s) state of the ͑lower͒ S 1 surface.
C. Other vibronic interactions
In the preceding section we have analyzed the 1 B 2 ϫb 2 ϫ 1 A 1 and 1 A 2 ϫb 1 ϫ 1 B 2 vibronic coupling mechanisms, which influence most strongly the structure and dynamics of the S 1 and S 2 states. These two mechanisms should clearly constitute the backbone of any vibronic coupling model for studying the excited-state nuclear dynamics in furan. There are, however, further interactions, which could be important for the excitation spectrum of furan and possibly should be considered in a model for dynamical studies. 
D. Spectroscopic implications
As we have seen, all of the low-lying excited singlet states of furan are entangled by vibronic coupling and a multitude of conical intersections connects their potential energy surfaces. One has to expect that this intricate situation will be reflected by a very complex excitation spectrum.
Strong nonadiabatic effects can be expected in the excitation spectrum above the lowest conical intersection of the S 1 and S 2 PES, taking place at about 6 eV. As is well known, 28, 29 above a conical intersection the nuclear dynamics no longer proceeds on the individual PES. An adiabatic description of the excitation applies only to the very lowest part of the spectrum, that is, the energy region around 5.8 -6.0 eV. Here, the present calculations predict only vibrational levels of the 1 A 2 (3s) state, which is dipole-forbidden. Via intensity borrowing induced by vibronic coupling, here with the 1 B 2 (V) and 1 B 1 (3p) states, certain vibrational levels of the 1 A 2 (3s) state will acquire spectral intensity. These 1 A 2 (3s) transitions seem to be attributable to the shoulders on the low-energy side of the first band in the experimental VUV spectrum of furan, beginning at about 5.7 eV.
The second state in the spectrum, 1 B 2 (V), is strongly affected by the interaction with the lower-and higher-lying 1 A 2 (3s) and 1 A 1 (VЈ) states, respectively. As a result of these interactions, the 1 B 2 (V) state can be considered as ''unbound'' with respect to coordinates of b 2 symmetry; along these coordinates the symmetric molecular configuration is unstable and a relaxation process takes the system through the conical intersection of the S 1 and S 2 surfaces to the lower surface, proceeding further until the minimum of the 1 A 2 (3s) state. This relaxation path represents a very fast internal conversion channel from the 1 B 2 (V) to the 1 A 2 (3s) state. A number of other internal-conversion processes from higher-lying singlet excited states to the 1 A 2 (3s) state can be expected. Such relaxation mechanisms may partly explain the highly diffuse character of the experimental VUV spectrum and the previous difficulties with its assignment.
In view of the complex spectral situation we must refrain in this work from trying to assign the experimental features on the basis of the present vertical and adiabatic results ͑Tables I and VII͒. What is required for that purpose is a rigorous treatment of the nuclear dynamics for the system of coupled surfaces. Such a study, based on the vibronic coupling model established in the present work and carried out using large-scale wave-packet propagation techniques, is under way, 42 and we may postpone the interpretation of the excitation spectrum until the results of that study will be available.
V. SUMMARY AND CONCLUSIONS
In the present work we have studied in some detail the manifold of low-lying excited singlet states of furan, comprising ͑at the equilibrium ground-state C 2v molecular configuration͒ the lowest two 1 A 2 (3s) and 1 B 1 (3p) Rydberg states and the two 1 B 2 (V) and 1 A 1 (VЈ) valence states. Extensive ab initio electronic structure calculations have been carried out using the equation-of-motion coupledcluster singles and doubles method ͑EOM-CCSD͒. 38 A study of the vertical excitations energies has been performed, which confirmed that the employed method and basis set are capable of providing an accuracy of about 0.2 eV, which is sufficient for a reliable description of the excitation spectrum.
Particular emphasis has been put on the exploration of the adiabatic potential energy surfaces in the vicinity of the ground-state equilibrium geometry. Using the analytical gradient techniques available in the EOM-CCSD approach, 41 we have performed full geometry optimizations for the most important stationary points on the PES of the low-lying excited singlet states. The located stationary points have been characterized by harmonic vibrational analysis.
The major new result of this work is that the 1 B 2 (V) valence state is unstable with respect to non-totally symmetric distortions at the C 2v configuration. The symmetry breaking involves an in-plane vibrational coordinate of b 2 symmetry, which leads to a planar C s structure ͓ 1 AЈ(V) state͔ with nonequivalent bonds and angles. This is a new type of symmetry breaking, not previously known to occur in fivemembered aromatic ring molecules. An interesting feature of the discovered relaxation process is that it begins at the symmetric molecular configuration of the S 2 PES ͓ 1 B 2 (V) state͔, then passes through a low-lying conical intersection of the S 1 and S 2 PES, and continues on the lower (S 1 ) surface. The latter part of the process comprises a step, in which a planar C s structure ͓ 1 AЈ(V) state͔ is reached, and a further step, in which the C s structure undergoes an out-of-plane (aЉ) symmetry breaking, finally taking the system to the adiabatic minimum of the S 1 PES ͓ 1 A 2 (3s) state͔. The 1 B 2 (V) state can therefore be considered as ''unbound'' with respect to the b 2 coordinate, its relaxation cycle representing a channel for a fast internal conversion to the lower-lying 1 A 2 (3s) state. Another important finding of the present work concerns the 1 A 1 (VЈ) valence state, which was predicted to be unstable with respect to b 1 and a 2 out-of-plane bending coordinates, leading to structures of C s and C 2 symmetry, respectively. Though most of the distorted excited-state structures identified in the present work are characterized by very small stabilization energies ͑and therefore may not be individually observable states͒, they should certainly be very important for the understanding of the spectroscopy and photochemistry of furan and related heterocyclic molecules.
The vibronic mechanism that couples the S 1 and S 2 adiabatic PES has been analyzed in detail using a linear vibronic coupling model, involving the coupled interactions 1 B 2 ϫb 2 ϫ 1 A 1 and 1 A 2 ϫb 1 ϫ 1 B 2 . These interactions are the key to an understanding of singlet excited-state nuclear dynamics of furan at lower energy. It has been shown that there are other interactions, which might become important in the modeling of the vibronic spectrum. We have detected a multitude of conical intersections involving the low-lying singlet excited states, indicating that one has to expect extensive vibronic coupling.
Our findings elucidate the great complexity of the observed excitation spectrum and explain previous difficulties of making assignments. We predict that the singlet excitation of furan proceeds predominantly in a truly nonadiabatic regime, beginning at about 6 eV. Below this energy only a few distinct vibrational levels of the 1 A 2 (3s) state are to be expected, which acquire their spectral intensity from the upperlying dipole allowed V( 1 B 2 ) and 3p( 1 B 1 ) transitions via an intensity borrowing mechanism.
The present work sets up the basis and the background for an ensuing wave-packet dynamical study of the furan excitation spectrum, which we hope to present in the near future.
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APPENDIX: LIST OF TOTAL ENERGIES FOR ALL STATES AT VARIOUS NUCLEAR CONFORMATIONS
In Table XII we list the total ground-and excited-state energies obtained for various molecular structures of furan considered in this work. In the cases, where a full harmonic vibrational analysis could be performed, also the zero-point vibrational energy ͑ZPVE͒ are given. The results summarized in Table XII should allow one to deduce all excitation energies and energy differences discussed in the paper ͑to obtain the energy values in eV we used the conversion factor 1 Hartreeϭ27.211 606 eV). 
